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CLEAN-CHAR PROCESS 
BY 

K .  A .  Schowal te r  and E .  F. P e t r a s  

U. S.  S t e e l  c u r r e n t l y  u s e s  a b o u t  25 m i l l i o n  t o n s  of  c o a l  per  

year  f o r  productio-n of  t h e  coke f o r  o u r  b l a s t - f u r n a c e  o p e r a t i o n s .  In  

a d d i t i o n ,  w e ' a r e  one of  t h e  n a t i o n ' s  l e a d i n g  h o l d e r s  of c o a l  r e s e r v e s .  

Accord ingly ,  we have had a s u s t a i n e d  i n t e r e s t  i n  r e s e a r c h  and develop-  

ment work i n  c o a l ,  cokemaking, and coal u t i l i z a t i o n  o v e r  t h e  y e a r s .  

T h i s  i n t e r e s t  w a s  fo rma l i zed  i n  1950 w i t h  t h e  e s t a b l i s h m e n t  

of a coal and coke r e s e a r c h  and development g roup  i n  U. S. S t e e l ' s  

Research  Labora to ry .  The a c t i v i t i e s  of t h a t  g roup  have inc luded  

t h e  development of improved mining  t e c h n i q u e s ,  the  development of new 

and improved c o a l  and coke  t e s t i n g  methods,  t h e  development and 

c a l i b r a t i o n  of expe r imen ta l  coke ovens  t h a t  would s i m u l a t e  t h e  pe r -  

formance of commercial ovens  w i t h  r e f e r e n c e  t o  t h e  q u a l i t y  of  coke 

produced, s t u d i e s  on c o a l  b e n e f i c i a t i o n  and t h e  development of improved 

coking  b l ends  and p r o c e d u r e s ,  t h e  development of  p e t r o g r a p h i c  pro- 

c e d u r e s  f o r  c h a r a c t e r i z i n g  c o a l s  and c a l c u l a t i n g  suitable coking b l ends  

from t h e s e  c o a l s , a n d  the- i n v e s t i g a t i o n  of  methods f o r  more e f f e c t i v e  

u t i l i z a t i o n  of ou r  c o a l  r e s e r v e s .  
\ 

With r e g a r d  t o  t h i s  l a t t e r  a r e a  of a c t i v i t y ,  i n  t h e  e a r l y  '~O'S, 

o u r  management charged  u s  w i t h  t h e  r e s p o n s i b i l i t y  f o r  deve lop ing  a means 

f o r  u t i l i z i n g  U. S. S t e e l ' s  e x t e n s i v e  I l l i n o i s  c o a l  r e s e r v e s .  These 

c o a l  r e s e r v e s  a r e  h i g h  i n  s u l f u r  and a s h  c o n t e n t  and a r e  normal ly  n o t  

cons ide red  s u i t a b l e  f o r  making coke by t h e  coke-oven p rocedure .  A 

number o f  coa l - conve r s ion  p r o c e s s e s  w e r e  e x p l o r e d .  However, t h e  



n 

program made l i t t l e  p r o g r e s s  because  of t h e  u n a t t r a c t i v e  economics 

a s s o c i a t e d  w i t h  coa l - conve r s ion  p r o c e s s e s  a t  t h a t  t i m e .  I t  was n o t  

u n t i l  t h e  l a t e  '60's t h a t  t h e  impending ene rgy  crisis w a s  beginning  

t o  a p p e a r ,  t o g e t h e r  w i t h  t h e  e c o l o g i c a l  f a c t o r s  t h a t  were i n c r e a s i n g  

t h e  c o s t  o f  coke produced  i n  coke  ovens .  A s  a r e s u l t  of t h e s e  t w o  

deve lopments ,  i n t e r e s t  w a s  renewed i n  c o n v e r s i o n  of t h e  I l l i n o i s  c o a l  

t o  coke  by a method which would have economic and e c o l o g i c a l  advan- 

t a g e s  o v e r  t h e  coke-oven r o u t e .  Accord ing ly ,  t h e  Clean-Coke P r o c e s s  

w a s  deve loped  and e v a l u a t e d  i n  bench-sca le  equipment.  T h i s  e v a l u a t i o n  

i n d i c a t e d  t h a t  t h e  P r o c e s s  would be t e c h n i c a l l y  and economica l ly  

f e a s i b l e .  Because t h e  p r o j e c t  o f f e r e d  promise of i n t e r e s t  t o  t h e  

chemica l  i n d u s t r y  as  w e l l  as t h e  steel i n d u s t r y  a s  a whole and had 

a t t r a c t i v e  e c o l o g i c a l  and  ene rgy  and r e s o u r c e  c o n s e r v a t i o n  f e a t u r e s ,  

it appea red  t h a t  Government s u p p o r t  w a s  war ran ted .  Accord ingly ,  a n  

u n s o l i c i t e d  p roposa l  w a s  p repa red  and submi t t ed  t o  t h e  O f f i c e  of 

Coal Research. The program w a s  accep ted  by OCR and i s  now i n  i t s  

second yea r  of development.  T h i s  program w a s  r e p o r t e d  i n  d e t a i l  a t  

t h e  P h i l a d e l p h i a  AIChE mee t ing  l a s t  November and t h e r e f o r e  w i l l  o n l y  

be b r i e f l y  d i s c u s s e d  t o d a y  t o  p r o v i d e  s u i t a b l e  background for t h e  sub- 

j e c t  o f  t h e  c u r r e n t  p a p e r ,  

B a s i c a l l y ,  t h e  P r o c e s s  p r o v i d e s  f o r  o b t a i n i n g  a b o u t  34 p e r c e n t  

of t h e  c o a l  f e d  t o  t h e  p r o c e s s  as m e t a l l u r g i c a l  coke  p e l l e t s - a  f a i r l y  

h igh-va lue  carbonaceous  p r o d u c t ,  g e n e r a l l y  c o n s i d e r e d  t o  be  worth about  

$35 t o $ 4 0 / t o n  o r  $1.40 t o  $1.60 p e r  m i l l i o n  Btu.  

amount of h igh-carbon-conta in ing  p roduc t  t hen  r e s u l t s  i n  a much more 

The removal of t h i s  
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f a v o r a b l e  hydrogen-to-carbon r a t i o  i n  t h e  remain ing  mater ia l ,  such  

t h a t  a b o u t  18 p e r c e n t  of t h e  c o a l  i s  r e c o v e r e d  as c h e m i c a l  f e e d s t o c k s  

va lued  a t  an  a v e r a g e  of  $120/tor1. 

The Process ( F i g u r e  1) i s  most  s imply  c h a r a c t e r i z e d  a s  a unique 

combina t ion  of low-temperature  c a r b o n i z a t i o n  and hydrogenat ion  p r o c e s s e s ,  

i n t e g r a t e d  i n  a manner t h a t  p e r m i t s  optimum u t i l i z a t i o n  of e n e r g y  and 

m a t e r i a l s .  The coal  f e d  t o  t h e  P r o c e s s ,  a f t e r  b e n e f i c i a t i o n  and S 

i n  a c o a l - p r e p a r a t i o n  p l a n t ,  i s  s p l i t  i n t o  two f r a c t i o n s .  P a r t  o f  

c o a l  i s  processed  through a c a r b o n i z a t i o n  u n i t  where i t  i s  d e v o l a t  

z ing  

t h e  

l i z e l  

an6 p a r t i a l l y  d e s u l f u r i z e d  t o  produce t h e  c h a r  t h a t  serves as t h e  b a s e  

m a t e r i a l  f o r  p r o d u c t i o n  of t h e  m e t a l l u r g i c a l  coke .  The second p o r t i o n  

of t h e  c o a l  i s  s l u r r i e d  w i t h  a process-der ived  carrier o i l  and i s  

hydrogenat-ed t o  c o n v e r t  most of t h e  c o a l  t o  l i q u i d s .  L i q u i d  p r o d u c t s  

from Loth c a r b o n i z a t i o n  and hydrogenat jon  a r e  composi ted  and processed  

through a c e n t r a l  l i q u i d s - t r e a t m e n t  u n i t .  I n  t h i s  u n i t ,  t h e  l i q u i d s  

are  processed  i n t o  lowysul fur  l i q u i d  f u e l s ,  chemica l  f e e d s t o c k s ,  and 

t h r e e  o i l  f r a c t i o n s  t h a t  a re  r e c y c l e d  t o  o t h e r  a r e a s  of t h e  p r o c e s s .  

O n e  of t hese  recycle  f r a c t i o n s  i s  used p r i m a r i l y  as a carr ier  o i l  f o r  

t h e  hydrogenat ion  r e a c t i o n .  A second r e c y c l e  o i l  i s  s e n t  t o  t h e  

c a r b o n i z e r  where i t  is conver ted  t o  p i t c h  c o k e .  The p i t c h  coke  and 

c h a r  m i x t u r e  is blended w i t h  t h e  t h i r d  r e c y c l e  o i l  t h a t  s e r v e s  as a 

b i n d e r ,  and t h e  m i x t u r e  i s  formed i n t o  p e l l e t s  i n  t h e  c o k e - p r e p a r a t i o n  

u n i t .  These p e l l e t s  are s u b s e q u e n t l y  baked t o  produce  a formed 

‘ i  
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m e t a l l u r g i c a l  coke w i t h  s t r e n g t h  p r o p e r t i e s  e q u i v a l e n t  t o  b l a s t - f u r n a c e  

coke made by a c o n v e n t i o n a l  coking  o p e r a t i o n .  The coke-prepara t ion  

c y c l e ,  from c h a r  p r o d u c t i o n  t o  f i n a l  coke ,  i s  c a r r i e d  o u t  i n  a c losed  

system wi th  t h e  o f f - v a p o r s  c o l l e c t e d  and r e t u r n e d  t o  t h e  p rocess .  Thus,  

no s i g n i f i c a n t  e m i s s i o n s  of  v o l a t i l e  m a t t e r  occu r  d u r i n g  t h e s e  opera-  

t i o n s ,  and a tmosphe r i c  p o l l u t i o n  i s  p r a c t i c a l l y  n o n e x i s t e n t .  Gaseous 

p r o d u c t s  from a l l  o p e r a t i o n s  are processed  th rough  a common system t o  

p rov ide  chemical f e e d s t o c k s ,  l ow-su l fu r  gaseous  f u e l s , a n d  hydrogen f o r  

recycle t o  hydrogenat ion  and l i q u i d s  t r e a t m e n t .  

The o b j e c t i v e  of  t h e  c u r r e n t  Clean-Coke Program i s  t o  develop  

/ 

/ 

d e s i g n  in fy rma t ion  f o r  a p i l o t  p l a n t  t h a t  w i l l  p r o c e s s  up  t o  10  t o n s  

of c o a l  pe r  hour .  
i 

I n  view of  t h e  r e c e n t  h i g h  l e v e l  of  i n t e r e s t  on c l e a n  

ene rgy ,  and e s p e c i a l l y  on c l e a n  power-plant and i n d u s t r i a l  f u e l s ,  

t h e  t echno logy  of t h e  Clean-Coke P rocess  w a s  s t u d i e d  t o  de termine  

whether i t  might be a p p l i c a b l e  t o  t h e  i n d u s t r i a l  f u e l  

problem. The Envi ronmenta l  P r o t e c t i o n  Agency has  sugges t ed  a s  a 

g u i d e l i n e  t h a t  c o a l  c o n t a i n i n g  t h e  e q u i v a l e n t  of 0 . 6  l b  of s u l f u r  per  

m i l l j o n  Btu be u t i l i z e d  t o  a c h i e v e  t h e  1 9 7 5  ambient  a i r  c r i t e r i a .  T h i s  

1s e q u i v a l e n t  to  0.1 p e r c e n t  s u l f u r  i n  coal having  a h e a t i n g  v a l u e  of 

12 ,000  Btu / lb ,  and would mean o n l y  the Western c o a l s  and some l i m i t e d  

tonnages  of West V i r g i n i a ,  Kentucky, and Alabama c o a l s  would be s u i t a b l e  

f o r  u s e .  I n  view of  t h e  f a c t  t h a t  the c a r b o n i z a t i o n - d e s u l f u r i z a t i o n  

p o r t i o n  of t h e  Clean-Coke Process c o n v e r t s  2 . 0  p e r c e n t  s u l f u r  c o a l  

I 
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i n t o  c h a r  c o n t a i n i n g  0 . 4 t o  0 . 6  p e r c e n t  s u l f u r ,  it i s  a p p a r e n t  t h a t  

t h i s  o p e r a t i o n  could  be u t i l i z e d  f o r  p r o d u c t i o n  of a n  e c o l o g i c a l l y  

a c c e p t a b l e  b o i l e r  f u e l .  Accord ingly ,  t h i s  approach-ca l led  t h e  
I 

/ 

/ "Clear.-Char" Process-was f u r t h e r  s t u d i e d  f o r  t e c h n i c a l  and economical  

f e a s i b i l i t y  . I 

The proposed Clean-Char P r o c e s s  i s  i l l u s t r a t e d  i n  F i g u r e  2 .  
. ,  

t 
I I n  t h i s  p r o c e s s ,  t h e  c a r b o n i z e r  f e e d  c o a l ,  a f t e r  p u l v e r i z a t i o n  and s i z i n g  

. t o  minus 1 /8  i n c h  by p l u s  1 0 0  mesh, i s  f i r s t  f e d  t o  a f l u i d - b e d  p r e h e a t e r  

where it i s  d r i e d  and p r e h e a t e q  t o  a b o u t  400 F ,  u t i l i z i n g  s t a c k  g a s e s  

from t h e  main c a r b o n i z e r  h e a t e r  which are boos ted  i n  t e m p e r a t u r e  by 

p a s s i n g  them t h r o u g h  an  a d d i t i o n a l  f u r n a c e .  The o f f - g a s e s  from t h e  

p r e h e a t e r , .  a f t e r  removal  of  p a r t i c u l a t e  matter i n  a c y c l o n e ,  go t o  a 

s t a c k .  The p r e h e a t e d  coal t h e n  e n t e r s  t h e  f l u i d - b e d  c a r b o n i z e r  where 

i t  i s  h e a t e d  by t h e  f l u i d i z i n g  g a s  and c a r b o n i z e d  a t  t e m p e r a t u r e s  from 

1 2 0 0  F t o  1 4 0 0  F a t  a b o u t  9 0 t o 1 0 0  p s i  p r e s s u r e .  By m a i n t a i n i n g  t h e  

hydrogen c o n t e n t  a t  a b o u t  3 3  p e r c e n t  a n d ' t h e  s u l f u r  c o n t e n t  a t  a l o w  

l e v e l ,  t h e  f l u i d i z i n g  g a s  serves t o  s i m u l t a n e o u s l y  c a r b o n i z e  and d e s u l -  

f u r i z e  t h e  c o a l  f e d  t o  t h e  c a r b o n i z e r .  A f t e r  s e p a r a t i o n  o f  p a r t i c u l a t e s ,  

t h e  c a r b o n i z e r  o f f - g a s  i s  c o o l e d  i n  t h r e e  s ' t eps  a n d ' d e s u l f u r i z e d  t o  

provide  t h e  g a s  f o r  r e c y c l e  t o  t h e  c a r b o n i z e r  and t h e  s u r p l u s  g a s  which 

i s  s u i t a b l e  for  u s e  as a l o w - s u l f u r ,  medium Btu ( a b o u t  6 3 6  Btu/SCF) f u e l  

g a s .  The condensed t a r s  and m o i s t u r e  are s e p a r a t e d  from t h e  system and 

t h e  water s e n t  t o  a w a s t e - t r e a t m e n t  u n i t .  The tar  c o n t a i n s  about  1 . 0  

t o  1 . 2  p e r c e n t  s u l f u r  and t h e r e f o r e  would n o t  be s u i t a b l e  f o r  

f u e l ,  i n  view of the 0.7 p e r c e n t  s u l f u r  l i m i t a t i o n .  However, t h e r e  

a r e  t h r e e  p o s s i b i l i t i e s  f o r  i t s  u s e :  (1) It c o u l d  b e  s o l d  t o  a r e f i n e r y  

I 
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f o r  p r o c e s s i n g ;  ( 2 )  it c o u l d  b e  burned a l o n g  wi th  t h e  char. (Because 

t h e  w e i g h t  of  t h e  c h a r  amounts  t o  a b o u t  3 .5  t i m e s  t h a t  o f  t h e  t a r ,  t h e  

b lend  o f  0 .5  p e r c e n t  s u l f u r  c h a r  and 1 . 2  p e r c e n t  s u l f u r  t a r  would have a 

s u l f u r  c o n t e n t  of  o n l y  0.66 p e r c e n t )  ,and ( 3 )  it c o u l d  b e  r e c y c l e d  t o  t h e  

c a r b o n i z e r  and t h u s  be c o n v e r t e d  t o  f l u i d  coke and  g a s .  The material 

b a l a n c e  i n f o r m a t i o n  i s  summarized i n  F i g u r e  3. P r o p e r t i e s  o f  t h e  coal 

and c h a r  are g iven  i n  T a b l e  I and t h e  composi t ion  and c a l c u l a t e d  

h e a t i n g  v a l u e  of  t h e  g a s a r e g i v e n  i n  Table  11. 

An economic e v a l u a t i o n  of  t h e  process w a s  t h e n  made to  e n a b l e  

t h e  c o s t  o f  t h e  Clean  Char t o  b e  compared w i t h  o t h e r  a l t e r n a t i v e s .  I n  

t h e  e v a l u a t i o n ,  c a p i t a l  and  , o p e r a t i n g  costs have been developed  for a 

p l a n t  t o  supply  a 1000 megawatt (Em) power plant  w i t h  a 60 p e r c e n t  l o a d  

f a c t o r .  T h i s  would r e q u i r e  38,970,000 m i l l i o n  (MM) Btu (or  1 ,457 ,041  

t o n s )  of c h a r  p l u s  14 ,100 ,000  MM Btu (or 416,713 t o n s )  of tar .  Thus, 

t h e  m a t e r i a l  b a l a n c e  f o r  t h e  economic s t u d y  c o r r e s p o n d s  t o  t h a t  of  

F i g u r e  3. Economics have  been e v a l u a t e d  u s i n g  "The O f f i c e  o f  Coal  

Research T e n t a t i v e  S t a n d a r d  f o r  C o s t  E s t i m a t i n g  of Investor-Owned P l a n t s  

for  Producing  P i p e l i n e  G a s  from Coal," ( June  4 ,  1 9 6 5 ) .  

T a b l e  I11 p r e s e n t s  a summary o f  the e s t i m a t e d  i t e m s  compris ing 

t h e  t o t a l  c a p i t a l  i n v e s t m e n t .  T o t a l  f i x e d  i n v e s t m e n t  , i n c l u d i n g  b a t t e r y  

l i m i t s ,  u t i l i t i e s ,  o f f s i t e s ,  and c o n s t r u c t i o n  l o a n  i n t e r e s t  is $90.3 

m i l l i o n .  The a d d i t i o n  of $5.6 m i l l i o n  working c a p i t a l  r e s u l t s  i n  a t o t a l  

c a p i t a l  inves tment  o f  $95.9 m i l l i o n .  

T a b l e  IV shows e s t i m a t e d  annuhl  o p e r a t i n g  expenses .  By- 

p r o d u c t  c r e d i t s  of $10.3 m i l l i o n  i n c l u d e  a $9.35 m i l l i o n  f u e l  



gas c r e d i t , ' a n  $835,000 s u l f u r  c r e d i t ,  a $97,000 steam c r e d i t ,  and 

I 

a $21,200 ammonia c r e d i t .  These c r e d i t s  r educe  o p e r a t i n g  expenses  

t O  a n e t  $27.86 m i l l i o n .  

Table  V p r e s e n t s  a n  economic summary. The OCR s t a n d a r d  

i w l u d e s  p r o v i s i o n  f o r  c o n s t r u c t i o n  loan  and working c a p i t a l ,  20-year 

, s t r a i g h t l i n e  d e p r e c i a t i o n ,  and a 65-35 d e b t - t o - e q u i t y  r a t i o .  The 

s t anda rd  g u a r a n t e e s  a g r o s s  r e t u r n  of  7 p e r c e n t  of t h e  ra te  base  

( t o t a l  f i x e d  inves tmen t  d e c l i n i n g  on a 20-year b a s i s  p l u s  working 

c a p i t . a l ) .  T o t a l  revenue  i s  c a l c u l a t e d  by adding  n e t  o p e r a t i n g  expenses  

( i n c l u d i n g  5 p e r c e n t  i n t e r e s t  on unpaid  d e b t ) ,  g r o s s  r e t u r n ,  and income 

t a x .  The 65 p e r c e n t  d e b t  p o r t i o n  of t h e  inves tmen t  i s  p a i d  o f f  i n  

e q u a l  i n s t a l l m e n t s  o v e r  a 20-year p e r i o d .  S e l l i n g  p r i c e ,  which i s  

t o t a l  revenue d i v i d e d  by  annua l  th rough-put ,  v a r i e s  from y e a r  t.o 

yea r .  The ave rage  p r i c e  f o r  a 20-year p e r i o d  i s  t h e  r e p o r t e d  v a l u e .  

Applying t h e  OCR s t a n d a r d ,  t h e  revenue r equ i r emen t  f o r  c h a r  and tar  

f u e l s  is $ 0 . 6 3  per  MM Btu.  

Coal c o s t  i s  t h e  major  cost e l emen t .  F i g u r e  4 shows t h e  

e f f e c t  of c o a l  c o s t  on f u e l  s e l l i n g  p r i c e .  A $2.00/ ton  i n c r e a s e  i n  

c o a l  c o s t  i n c r e a s e s  s o l i d  and l i q u i d  f u e l  p r i c e  by a b o u t  $0.107 per  

MM Btu ( i n c l u d i n g  o p e r a t i n g - c o s t  c o n t i n g e n c y ) .  

I n  view of  t h e  f a c t  t h a t  t h e r e  a r e  l i m i t e d  s u p p l i e s  of low- 

s u l f u r  c o a l s  i n  t h e  c e n t r a l  and e a s t e r n  Uni ted  S t a t e s  and t h a t  low-sul fur  

o i l  i s  becoming scarce and expens ive ,  many u t i l i t i e s  and i n d u s t r i a l  

p l a n t s  a r e  c o n s i d e r i n g  s t ack -gas  sc rubb ing  t o  e n a b l e  them t o  u s e  h i g h e r  

s u l f u r  c o a l s  and s t i l l  comply w i t h  emis s ion  s t a n d a r d s .  I t  i s  our  

t 
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under s t and ing  t h a t  t h e r e  i s  no commercial s t a c k - g a s  sc rubb ing  u n i t  

o p e r a t i n g  s a t i s f a c t o r i l y  and t h a t  r e c e n t  c o s t s  for s t a c k - g a s  sc rubb ing  

have been e s t i m a t e d  a t  $50 t o  $90 c a p i t a l  p e r  KW and $0.80 t o  $0.95 pe r  

MM Btu t o t a l  f u e l  cost ( c o a l  c o s t  p l u s  sc rubb ing  c o s t ) .  I t  would 

therefore  appear  t h a t  t h e  Clean-Char Process w i t h  i t s  $90 p e r  KW 

c a p i t a l  p l a n t  i nves tmen t  and $0 .63  p e r  MM Btu t o t a l  f u e l  cost should  

be of i n t e r e s t .  
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Table I 

P r o p e r t i e s  of Cog1 and Char 

Elemental Analys is  

Carbon 

Hydrogen 

Nitrogen 

0xyge.n 

Sul fur  

Heating v a l u e ,  Btu/ lb 

Percent by Weight 
Char Coal 

8.51 -- 
5.17 6.57 

- - 

68.77 

4.79 

1.24 

9.73 

1.79 

86.73 

2.47 

1.48 

2.28 

0.47 

13,373 

I 
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Table I1 

P r o p e r t i e s  of Fuel  G a s  

Composition, percent  by V o l u m e  

Hydrogen 33.52 

Methane 37.06 

Ethylene 12.95 

Ethane 2 .87  

C3 and C4 1 . 6 0  

Carbon Monoxide 10.66 

Carbon Dioxide . E 5  

Moisture . 4 9  

100.00 

Heating Value 636 Btu/SCF 
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Tab le  I11 

Inves tment  Summary 

S e c t i o n  T i t l e  

10 0 C a r b o n i z a t i o n  

200 Gas Cleaning  

300 C laus  

1 

\ 

4 0 0  Ta r  Handl ing  

500 U t i l i t i e s  and Waste Water 

6 0 0  Off s i te  f a c i l i t i e s  

S u b t o t a l  

C o n t r a c t o r ' s  Overhead and  P r o f i t  

S u b t o t a l  

I n t e r e s t  During C o n s t r u c t i o n  
(5% o f  ( i ) )  

TOTAL FIXED INVESTMENT 

cost ,  SMM 

52.7 (a )  

12.4 (b)  

2.0 (c) 

1 .3  (d)  

4.2 (e) 

7 . 3  (f) 

79.9 ( g )  

6 . 1  ( h )  

86.0 (i) 

- 

- 

Working C a p i t a l  - 
30 d a y s  coal  i n v e n t o r y  2.0 (1) 

3 0  d a y s  c a t a l y s t ,  e t c . ,  i n v e n t o r y  - (m) 

3.6 ( n )  

T o t a l  working c a p i t a l  5.6 (0) 

Accounts receivable - 

TOTAL CAPITAL INVESTMENT 95.9  (p)  

t 
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T a b l e  I V  

O p e r a t i n g  Expense 

Raw Material (Coal )  @ $8.00/ton 

U t i l i t i e s  

Direct Opera t ing  Labor  @ $5.75/hr 

Maintenance (3% of (9)) 

S u p p l i e s  (15% of (D)) 

S u p e r v i s i o n  (10% of (C))  

P a y r o l l  Overhead (10% of ( C )  + (F)) 

Genera l  Overhead (50% of (C)+ (F) + (D) + (E) ) 

P l a n t  O p e r a t i n g  Expenses  S u b t o t a l  

D e p r e c i a t i o n  (5% of TOTAL FIXED INVESTMENT) 

L o c a l  Taxes and  I n s u r a n c e  
(3% of TOTAL FIXED INVESTMENT) 

S u b t o t a l  

C o n t i n g e n c i e s  ( 2 %  of ( L ) )  

TOTAL OPERATING EXPENSE 

By-Product Cred i t s  

NET OPERATING EXPENSE 

$/Year 

22,372,300 (A) 

2,124,700 (B) 

891,500 (C) 

2 , 397 , 000 ( D )  

359,600 (E) 

89,200 (F)  

98,100 ( G )  

1,868,700 (H) 

30,201,100 ( I )  

4,515,000 (J) 

2,709,000 (K) 

37,425,100 (L) 

748,500 ( M )  

38,173,600 (N) 

10,311,600 

27,862,000 

I 
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Table V 

Economic Summary') 

Annual P r o d u c t i o n  38,971,000 MM Btu Char  
14 ,099 ,000  MM Btu L i q u i d s  

53,070,000 MM Btu T o t a l  

P l a n t  Inves tmen t ,  2 ,  MM$ 
Working C a p i t a l ,  MM$ 

Total  C a p i t a l ,  MM$ 

Costs,  SMM Btu 

Gross Raw Materials 
By-product C r e d i t s 3 )  

0.4216 
0.1943 

N e t  Raw Materials 

U t i  1 it ies 0.0400 
Labor 0.0203 
Maintenance and S u p p l i e s  0.0520 
Genera l  Overhead 0.0352 
D e p r e c i a t i o n ,  Taxes,  I n s u r a n c e  0.1360 
Con t ingenc ie s  0.0141 

N e t  Opera t ing  Expense 

4 )  0.1060 P r o f i t ,  Taxes ,  I n t e r e s t  

SELLING P R I C E ,  $/MM Btu 

90.3 
5.6 

95.9 

- 

0.2273 

0.2976 

0.1060 

0.6309 

"February 1973 dollars. 

. 2 )  I n c l u d e s  c o n s t r u c t i o n  l o a d  i n t e r e s t .  

3 ) I n c l u d e s  9,358,000 MM Btu of g a s  c r e d i t e d  a t  $l.OO/MM Btu 

4 ) ~ n t e r e s t  a t  5 p e r c e n t  annua l  rate. 

c 

I 
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CLEAN CHAR PROCESS 

Figure 2 .  
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AN IMPROVED TECHNIQUE FOR THE 

HYDRODESULFURIZATION OF COAL CHARS 

Leon Robinson and N .  Wayne Green 

Garrett Research and Development Company, I n c .  
La Verne, C a l i f o r n i a  91750 

INTRODUCTION 

The s u l f u r  c o n t e n t  of many c o a l s  i s  t o o  h igh  t o  comply wi th  t h e  
EPA s t anda rd  f o r  power p l a n t  f u e l s .  The c u r r e n t  a l t e r n a t i v e s  for  
u t i l i z i n g  c o a l  as a f u e l  i n c l u d e  e i t h e r  complete g a s i f i c a t i o n  of t h e  
coal w i t h  t h e  s u l f u r  removal e f f e c t e d  by convent iona l  g a s  t r ea tmen t ,  o r  
d i r e c t  combustion of t h e  c o a l  wi th  s t a c k  g a s  scrubbing .  

In  a ca rbon iza t ion  p r o c e s s  such as t h e  pa t en ted  GR&D f l a s h  
p y r o l y s i s  process ,  t h e  c o a l  i s  converted i n t o  cha r .  Although t h e  s u l f u r  
con ten t  o f  t h e  c h a r s  i s  normally less than  t h a t  of t h e  p a r e n t  c o a l s ,  
most c h a r s  m u s t  s t i l l  be  t r e a t e d  t o  reduce t h e  s u l f u r  c o n t e n t  to comply 
wi th  EPA s t anda rds .  W e  have developed an improved hydrodesu l fu r i za t ion  
p rocess  t h a t  accomplishes t h e  r equ i r ed  s u l f u r  r educ t ion .  W e  propose 
t h a t  t h i s  process  i s  more advantageous than  t h e  c u r r e n t  a l t e r n a t i v e s  
f o r  u t i i i z i n g  t h e  coal d i r e c t l y .  

E a r l i e r  work conducted by Consol ida t ion  Coal Company (1, 2 )  and 
by FMC Corpora t ion  ( 3 ,  4 )  demonstrated t h a t  hydrogen t r e a t m e n t  o f  t h e  
char a t  e l eva ted  t empera tu res  i s  e f f e c t i v e  i n  t h e  removal of s u l f u r .  
However, t h e  presence  of t h e  hydrogen s u l f i d e  product  g a s  s t r o n g l y  
i n h i b i t e d  t h e  removal o f  a d d i t i o n a l  s u l f u r .  E i t h e r  a l a r g e  excess  
flow of hydrogen had t o  be  maintained o r  t h e  i n t r o d u c t i o n  of a 
hydrogen s u l f i d e  accep to r  such a s  dolomite was necessa ry  ( 3 , 4 ,  5). 
However, t h e  u t i l i z a t i o n  o f  an  acceptor  p r e s e n t s  several d i f f i c u l t  
problems which i n c l u d e  s e p a r a t i o n  from t h e  c h a r ,  r e g e n e r a t i o n ,  and 
loss of accep to r  a c t i v i t y .  Obviously, t h e  d i r e c t  t r ea tmen t  o f  t h e  
char  w i t h  hydrogen t o  remove s u l f u r  would be  more p r a c t i c a l  i f  t h e  
effects of t h e  hydrogen s u l f i d e  i n h i b i t i o n  could be  reduced. Our work 
shows t h a t  t h e  e f f e c t  of t h e  hydrogen s u l f i d e  i n h i b i t i o n  can be 
minimized by p r e t r e a t i n g  t h e  char  w i th  acid. Hydrogen s u l f i d e  
i n h i b i t i o n  i so therms ( cha r  s u l f u r  con ten t s  a t  extended r e s idence  
t i m e s )  i n d i c a t e d  t h a t  a s i g n i f i c a n t l y  g r e a t e r  concen t r a t ion  o f  hydrogen 
s u l f i d e  i s  a l lowable  f o r  t h e  ac id - t r ea t ed  c h a r s  t h a n  f o r  t h e  un t r ea t ed  
cha r s .  Th i s  r e p r e s e n t s  a s i g n i f i c a n t  r educ t ion  i n  both  t h e  c a p i t a l  and 
o p e r a t i n g  costs of a commercial hydrodesu l fu r i za t ion  f a c i l i t y  by 
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allowing a reduction in the hydrogen throughput. 
current hydrodesulfurization system with three stages, the hydrogen 
requirement for acid-treated char'is only 12% of that for the un- 
treated char. 

For a counter- 

EXPERIMENTAL 

Apparatus 

The experimental apparatus utilized in the hydrogen treatment 
of the char (Figure 1) consists of a 4 '  x 19mm I-D quartz reactor 
which is inserted in a Hevi Duty electric furnace. The ends of the 
reactor are sealed with Teflon gaskets and are cooled by water 
circulating through copper coils. The gas flow to the reactor is 
controlled by means of a rotameter, and the system pressure is main- 
tained by a back-pressure regulator. Gas flow calibrations were 
obtained with a wet-test meter. 

The reactor was packed with ceramic burl saddles up to the 
middle of the hot zone, and a Kaowool plug was positioned on top of 
the saddles to prevent char from falling through the reactor. In 
addition, a Kaowool plug was positioned at the top of the hot zone 
to prevent elutriation of- the char particles. 

Procedure 

Helium gas flow at the reaction pressure was maintained during 
reactor start-up. The temperature was established by an Alnor 
controller in conjunction with a chromel-alumel thermocouple position- 
ed externally to the reactor. After sufficient saturation time was 
allowed at the desired temperature, hydrogen or a mixture of hydro- 
gen and hydrogen sulfide from calibrated cylinders was introduced 
to the reactor for the desired reaction time. The system was then 
purged with helium, and the temperature was allowed to return to 
ambient. 

Char Preparation 

Chars were prepared by carbonizing several selected coals under 
nitrogen at elevated temperatures. These coals included a high 
volatile C bituminous coal from West Kentucky and a high sulfur 
bituminous coal from Illinois. Chars were produced both from run- 
of-mine coals and from samples which had been physically beneficiated 
by a sink/float technique prior to the carbonization, The chars 

, 
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were ground and screened to the desired particle size. The chars 
to be acid-treated were leached with 8OoC hydrochloric acid for 
approximately five minutes. After the acid leach, the char was 
washed with water until the water was free of chloride ion as deter- 
mined by the silver nitrate test. 

Chemical Analyses 

A complete sulfur analysis was performed on the reactant and 
product chars. The total char sulfur was measured by the Eschka 
method. The sulfide, sulfate, and pyritic sulfur forms were also 
measured. An ultimate analysis was also performed to allow esti- 
mation of the char combustion heats. 

The metals in the char ash were analyzed by either emission 
spectra or by atomic absorption. 
char with a solution of HF and H2S04 followed by titration with 
KMn04. 
Hg2C12, followed by atomic absorption of the final solution. 
little Feo was observed in any of the tests. 
difference. 

Fe+' was measured by leaching the 

Feo was measured by reacting the char with a solution of 
Very 

Fe+3 was determined by 

DISCUSSION 
Previous work has demonstrated that the presence of hydrogen sul- 

fide greatly inhibits the hydrodesulfurization of char. In addition, 
inhibition isotherms were presented that show plateaus of sulfur 
in the char at low concentrations of hydrogen sulfide in the treat- 
ment gas. (2,  6) These plateaus were attributed to the equilibrium 
in the reduction of iron sulfide. 

FeS + H2 e H 2 S  + Fe 
The presence of calcium sulfide, which is irreducible by hydrogen 
treatment, was also noted. 

Although the reaction of carbonaceous materials with hydrogen 
and hydrogen sulfide mixtures is reversible, the reaction is not a 
true equilibrium process ( 2 ) .  The type of carbonaceous material, 
the type of pretreatment, and the temperature and time of treatment 
all affect the extent of the reaction. Since both inorganic and organic 
sulfur forms exist in the char, different methods must be employed to 
completely remove both forms. We chose to study the effects of an acid 
Pretreatment to remove inorganic sulfur and a subsequent hydrogen treat- 
ment to remove the organic sulfur. However, the additional removal of 
the iron and calcium hydrodesulfurization reaction. 
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Hydrogen Sulfide Inhibition Isotherms 

The hydrogen sulfide inhibition isotherms at 1600OF and 50 psig 
for three chars prepared from West Kentucky Coal are shown in 
Figure 2. The three char samples were prepared by carbonizing the 
run-of-mine coal, floating the coal in a 1.55 s.g. ZnCIZ solution 
prior to carbonization, and by acid treating the char from the floated 
coal. The chars were ground and screened to a -80  +270 mesh particle 
size. The char samples were then hydrogen treated for approximately 
2-1/2 hours. The char from the run-of-mine coal exhibited the greatest 
hydrogen sulfide inhibition. Although the char from the floated coal 
compares favorably with the acid-treated char in the limit of pure 
hydrogen,, the acid-treated char exhibited the least hydrogen sulfide 
inhibition. 

Hydrogen sulfide inhibition isotherms for three similar chars 
prepared from the Illinois coal are compared with the isotherms for 
the West Kentucky coal chars in Figure 3 .  Although the hydrogen 
sulfide inhibition is in general slightly less severe for the Illinois 
coal chars, the floating and acid treating operations also reduce the 
severity of the hydrogen sulfide inhibition for these chars. However, 
the inhibition isotherms for the acid-treated chars from the West 
Kentucky and Illinois coals are practically identical. 

The effect of the iron and calcium content of the chars on the 
inhibition isotherms is apparent in Table I. The quantity of iron 
and calcium is highest in both the West Kentucky and Illinois run-of- 
mine chars. The higher iron content of the West Kentucky char may be 
responsible for the slightly more severe inhibition isotherms shown 
in Figure 2. An intermediate quantity of iron and calcium is contain- 
ed in the two chars from the floated coals. The higher iron content 
of the West Kentucky char again corresponds to a slightly more severe 
inhibition isotherm. The lowest quantity of iron and calcium is 
contained in the acid-treated chars. These chars also have the least 
severe inhibition isotherms. 
Acid Treatment 

Hydrochloric acid was utilized in the preparation of the acid- 
treated chars in Table I. Although significant quantities of ash were 
removed by floating the coal, the char from the floated coal still 
contained appreciable quantities of iron and calcium. The final 
reduction in the quantities of iron and calcium was accomplished by 
the acid treatment. The char ash also contains large quantities of 
silicon, aluminum, potassium, and sodium, but these were only slightly 
affected by the acid treatment. 

I 
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Some sulfur reduction is also accomplished in the physical bene- 
ficiation step by the removal of pyrite. Almost all of the remaining 
pyrite sulfur is converted to FeS during carbonization. This sulfur 
is removed by the acid treatment along with additional quantities of 
Fe 
West Kentucky coal is reduced from 1.90 to 1.34% by the acid treatment, 
which is in very close agreement with the measured reduction in sulfide 
sulfur from 0.57 to 0.10%. 

+2 , Fe+3, and calcium. The total sulfur in the char of the beneficiated 

The type of mineral acid utilized in the acid treatment does not 
appear to affect the final desulfurization. The inhibition isotherms 
for sulfuric acid-treated char were identical to those chars treated 
with hydrqchloric acid (Figure 2 ) .  

Finally, the beneficiation operation is not essential to the final 
desulfurization. The inhibition isotherms for acid-treated chars 
from the run-of-mine coals were identical to those chars which'were 
prepared from floated coals. The advantage of the beneficiation 
operation appears to be in the initial removal of most of the pyritic 
sulfur and in a reduction of the quantity of acid consumed in the 
char treatment. 

Optimum Desulfurization Temperatures 

Chars prepared at low temperatures and short residence times 
might be expected to have a more labile form of organic sulfur than 
chars prepared at high temperatures and long residence times. The 
more severe conditions would increase the probability of thermally 
fixing the organic sulfur, which would be stable in the presence of 
hydrogen (7). Since the chars in this study were prepared by carbon- 
ization of the coal at the anticipated desulfurization temperature for 
over two hours, any expected thermal fixing of char sulfur should 
have occurred. 

The optimum desulfurization temperature for the chars from the 
West Kentucky coal was found to be between 1700 and 1800OF as 
illustrated in Figure 4 .  This same optimum temperature occurred for 
all coal and char pretreatment methods. 

Much lower optimum desulfurization temperatures of 1300 and 
1470'F had been found in the desulfurization of petroleum coke with 
hydrogen (8) and butagas, a coke-oven gas which is predominately 
butane (9). The latter optimum was attributed to the sintering of 
the coke particle with a subsequent loss of available surface area. 

I 

a 
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However, no evidence of sintering was observed in the case of the 
coal chars. 

Hydrodesulfurization Kinetics 

Although most of the screening of variables has been accomplish- 
ed in terms of the hydrogen sulfide inhibition isotherm, the hydro- 
desulfurization of char is not a true equilibrium process. An 

adequate description of the kinetics of hydrodesulfurization is 
essential if the design of commercial equipment is anticipated. We 
are currently undertaking such a kinetic study. 

and acid-treated char from the West Kentucky coal at 1700'F and 
50 psig,is shown in Figure 5. 
mesh particle size. 
Qydrogen and hydrogen sulfide reactant. 

lower than that for the floated char, the initial disappearance rates 
of sulfur for the two chars in contact with pure hydrogen are quite 
similar. In contrast, the disappearance rate of sulfur for the acid- 
treated char in contact with even a small quantity of hydrogen 
sulfide is faster than that for the floated char. In addition, 
these data at long residence times indicate much lower final sulfur 
contents for the acid-treated chars. 

The kinetic data for the hydrodesulfurization of floated char 

These chars were ground to a -200  

Rate data are shown for various compositions of 

Although the initial sulfur content of the acid-treated char is 

The mechanism of hydrodesulfurization appears to be quite 
complex. For example, the removal of the first fifty percent of 
the sulfur in the acid-treated char can be described by first order 
kinetics while the remainder appears to follow a zero order reaction. 
These data cannot be explained by a hydrogen sulfide reverse 
reaction. If the flow rate of hydrogen were maintained sufficiently 
low, the sulfur released by the hydrodesulfurization might become 
more firmly attached to the char. However, tests conducted at one- 
half the normal experimental hydrogen flow demonstrated that the 
effect of a reverse reaction was not important in this study. The 
results of these tests are indicated in Table 11. 

The hydrodesulfurization kinetics might be explained by a 
rapid evolution of sulfur on the char surface followed by the slower 
removal of sulfur in the char interior. Since similar rates were 
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obtained from tests conducted at 1600 and 1700°F, the hydro- 
desulfurization kinetics is probably not controlled by a chemical 
reaction mechanism. Also, tests conducted on a -60 +80 mesh char 
were not appreciably different from similar tests conducted on the 
same char which was ground to a -200 mesh particle size. These data 
are in accordance with a pore diffusion mechanism (3). 

Counter-current Hydrodesulfurization 

A significant reduction in the hydrogen requirement of any 
commercial hydrodesulfurization process can be realized by counter- 
current staging. However large throughputs of hydrogen are still 
required if untreated char is to comply with EPA standards. In 
contrast, the acid-treated chars can be handled quite effectively 
by the counter-cdrrent process. 

Based on calculated heats of combustion of 12,000 and 13,000 
Btu/lb char for floated char and acid-treated char and the EPA 
standard for 1.2 lb S02/MM Btu (lo), final char sulfur contents of 
0.72 and 0.78% would meet the criterion for the West Kentucky coal. 
If the floated char were to be desulfurized in a single stage, 73 
pounds of hydrogen would be required for every 100 pounds of char. 
If the floated char were to be desulfurized in three counter-current 
stages, the hydrogen requirement would be reduced to 8.5 pounds. 
However, only 1.0 pounds of hydrogen is required to desulfurize 
100 pounds of acid-treated char in three counter-current stages. In 
the multistage process, the hydrogen requirement for acid-treated 
char is only 12% as high as that for floated char. 
Conclusions 

The effectiveness of the hydrodesulfurization process for coal 
chars is significantly improved, in turn, by the physical benefi- 
ciation of the parent coal and by the acid treatment of the product 

I char. These processes have been effective in the removal of iron 
and calcium constituents which appear to contribute to the severity 
of the hydrogen sulfide inhibition. The acid treatment is particularly 

.advantageous in that both the iron and calcium contents of the char 
are reduced well below that of the floated coal char. In addition, 
the remaining ash constituents which are not removed by the coal 
beneficiation treatment are not affected by the acid treatment. Thus, 
the consumption of the acid is minimized. 

A significant reduction in the hydrogen requirement of the 
commercial hydrodesulfurization process can be realized by counter- 

I 

I 

4 

i 
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current staging. An additional significant reduction is accomplished 
I , by acid treatment of the char. In the multistage process, the 
t 

hydrogen treatment for acid-treated char from the West Kentucky coal 
is only 12% of that required for the untreated char from the 
beneficiated coal. 

The optimum desulfurization temperature which was determined for 
the chars of the West Kentucky coal used in this study appears to be 
in the range of 1700 to 1800'F. However, this optimum temperature 
may vary with the method of char preparation. 1 

Preliminary kinetics studies indicate that the acid treatment 
technique reduces the effect of hydrogen sulfide inhibition in the 1 

\ disappearance of the char sulfur. 
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Table I 

Char Analysis for Ash, Calcium, and Iron 

Ash 
Wt. % 

West Kentucky Run-of- 
Mine Carbonized 
at 16OOOF 23.0 

\ 

West Kentucky 1.55 S.G. 
Float Carbonized 
at 1600OF 10.9 I 

\ 

West Kentucky 1.55 S.G. 
Float Carbonized at 
1600OF and acid- 
treated 9.5 

i Illinois Run-of-Mine 
Carbonized at 1600OF 16.06 

Illinois 1.55 S.G.  
Float Carbonized a t  
1600OF 9.93 

Illinois 1.55 8 . G .  
Float Carbonized at 
1600OF and acid- 
treated 9.33 

i 

Ca 
Wt. % 

0.9 

0.1 

0.06 

1.01 

0.13 

0.08 

Fe 
Wt. % 

2.8 

1.13 

0.32 

1.75 

0.76 

0.27 

+2 Fe 
Wt. % 

1.3 

0.67 

0.03 

1.35 

0.37 

0.005 

+3 Fe 
Wt. 8 

1.5 

0.46 

0.29 

0.40  

0.39 

0.27 

I 
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Table I1 

Effect of Hydrogen Flow Rate on Desulfurization of 

Acid-Treated Char from West Kentucky Coal at 
1700'F and 50 psis 

Flow Rate Time Char Sulfur Superficial Velocity 
SCFM M A  Wt % f t/sec 

0.030 5 0.92 0.151 

0.015 5 0.90 0.076 

0.030 15 0.79 0.151 

0.015 15 0.77 0.076 

r 
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FIGURE I 
EXPER I MENTAL APPARATUS 
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FIGURE 4 
VARIATION OF CHAR SULFUR WITH TEMPERATURE FOR WEST 

KENTUCKY COAL CHAR 
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CHEXCAL DESITLFURIZATION O F  COAL by E. P. Stanbaugh, Ba t t e l l e , ,  
Columbas Laboratories,  505 King Avenue, Columbus, Ohio 43201 

Coal is t h e  major source  of energy now ava i l ab le  t o  t h e  United S ta tes .  

Though a major energy 

I n  
f a c t ,  w i th in  the  border  o f  t h e  United S t a t e s ,  t h e r e  is  more energy i n  the  form of coa l  
than i n  all o f  t h e  o t h e r  combined sources  o f  f o s s i l  fue l .  
source,  coa l  i s  recognized as a major source of atmospheric po l lu t ion .  In t he  
absence o f  con t ro l s  o the r  than tal l  s tacks ,  the  discharge of su l fu r  alone excluding 
the  heavy metals in 1980 is estimated t o  be about 18 mi l l i on  tons.  Sul fur  emissions 
con t ro l  from f l u e  gases i s  about 75 percent e f f i c i e n t .  Assuming a l l  f l u e s  a r e  
con t ro l l ed  a t  t he  75 percent  l eve l ,  su l fu r  emissions from power p l an t s  a r e  estimated 
t o  be about 4.5 mil l ion  tons  (13.5 mi l l i on  tons of su l fu r  dioxide) by 1980. Chemical 
desu l fu r i za t ion  of coa l  o f f e r s  one p o t e n t i a l  so lu t ion  t o  the  su l fu r  emissions problem 
now fac ing  t h e  United S ta t e s .  Removal of a l l  o r  a major po r t ion  of t he  s u l f u r  from 
coa l  p r i o r  to combustion w i l l  r e s u l t  i n  a f u e l  which can be used with a low atmos- 
pher ic  po l lu t ion  po ten t i a l .  The f e a s i b i l i t y  of producing low su l fu r  coal by chemical 
desu l fu r i za t ion  has been e s t ab l i shed  i n  labora tory  sca l e  experiments. Heating a 
v a r i e t y  o f  coa l s  i n  aqueous so lu t ions  at  e leva ted  temperatures and pressures  e x t r a c t s  
t he  p y r i t i c  s u l f u r  and the  s u l f a t e  s u l f u r  along with a s i g n i f i c a n t  por t ion  of the  
organic s u l f u r .  
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CHEMICAL DESULFURlZATiON OF COAL TO MEET POLLUTION CONTROL STANDARDS 

J.W. Hamersma, M.L. Kra f t ,  W.P. Kendrick 
and 

R.A. Meyers 

TRW Inc 
One Space Park 

Redondo Beach, Ca l i fo rn ia  
90278 

INTRODUCTION 

The k y e r s '  Process i s  a new approach(') f o r  m e t i n g  federal and 
s ta te  su l fur  oxide emission standards f o r  coa l - f i red  e l e c t r i c  u t i l i t i e s .  
The process removes up t o  80% o f  the s u l f u r  from coal through chemical 
leaching of p y r i t i c  s u l f u r  w i th  aqueous f e r r i c  su l fa te  solut ions a t  
temperatures of  5 O o - 1 3 O 0 C  (eq I ) .  

FeS2 + 4.6  Fez ( S O I , ) ~  + 4.8 H20 - 10.2 FeSO4 + 4.8 H2SO4 + . 8  S 

The leaching agent i s  regenerated at  s i m i l a r  temperatures using oxygen 
(eq 2 ) .  

(1) 

2 . 4 0 2 +  9.6 FeS0~,+4.8 H2SO4 -+ 4.8 Fez  SOL,)^ + 4.8 H20 (2  1 
and sulfur and i ron-su l fa tes  are removed as reaction products. The 
s e l e c t i v i t y  for p y r i t e  i s  h igh w i t h  l i t t l e  o r  no reaction o f  the re- 
agents wi th  the coal matr ix being found f o r  Appalachian coal. 

Although only p y r i t i c  su l fu r  i s  removed (organic bound s u l f u r  re- 
mains), the Meyers' Process has wide a p p l i c a b i l i t y  f o r  converting US 
coal reserves t o  a su l fu r  leve l  consistent w i th  governmntal standards 
fo r  su l fu r  emissions from power p lants  and indust r ia l  sources. Samples 
from coal mines i n  Montana, through Iowa, I l l i n o i s ,  Ohio, Pennsylvania, 
West V i rg in ia  and Kentucky, representing a wide range o f  US production 
and reserves have been desulfurized t o  meet these standards u t i l i z i n g  
the Meyers' Process (Environmental Protection Agency Contract 68-02- 
0647). 
jar  sulfur reductions f o r  the coals tested without severe coal re jec t  
losses. 
sul fur  contents of Appalachian coals (70% o f  current US coal production). 
the process appears t o  have major impact i n  t h i s  area. 

Physical cleaning has general ly been unable t o  accomplish simi- 

Because of the . re la t i ve ly  h igh p y r i t i c  su l fu r  and Iw organic 

The concept o f  chemically removing pyr i tes  f ran  coal has not  here- 
tofore been thought p rac t ica l  as a so lut ion t o  the su l fu r  oxide a i r  pol- 
l u t i o n  problem, even though i t  i s  wel l  known tha t  pyr i tes  may be oxida- 
t i v e l y  converted t o  soluble sulfates by strong ox id iz ing  agents such as 
n i t r l c  acid, hydrogen peroxide o r  chlorine. These ox id iz ing agents are 
not seriously advanced as the bases o f  processes for  lowering the s u l f u r  
w n t e n t  o f  coal as they a lso  ser ious ly  ox id ize the coal matr ix. 
more, n i t r i c  acid n i t r a t e s  coal and ch lor ine rea t l y  incrcases the chlo- 
r i n e  content o f  coal. A nunber o f  groups(2v3? have investigated the use 
of  hot a l k a l i ,  but have abandoned t h i s  approach presmably because much 
of the input base reacts w i t h  coal s i l i c a t e s ,  aluminates and the organic 
matr ix ,  causing excessive reagent and coal losses. 

Further- 
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Aoratlon o f  coal In  aqueous suspenslon has o f ten  been suggested 
f o r  cmvarslon o f  the p y r l t l c  su l fu r  content o f  coal t o  a soluble sul-  
fate, as It 1s known tha t  the mechanlsm of ac id  mine dralnage involves 
slar mvors ion  of p y r l t e  t o  soluble sul fate.  However, attempts t o  
spaad up t h i s  process under favorable condlt lons o f  a l r  supply, tempe- 
rature and f lnamss o f  coal have only resulted I n  a reductlon o f  reol-  
danco tIm t o  w u k s  or months rather than years (2 ) .  
thought posslble t o  devise a p rac t lca l  process f o r  chemlcrl ly removlng 
or dissolving the p y r l t l c  su l fu r  content o f  coal. 

50 larch so lu t ion  rcgenaratlons have been performed t o  date (Envlronmen- 
t a l  Protection Agency Contract EHSD 71-7) f o r  the purpose o f  de f ln lng  
mktion k lne t ics .  A t yp ica l  e esslon f o r  p y r l t i c  su l fu r  removal from 

Thus, It was not 

k n c h - r u l e  tes ts  o f  more than 200 f e r r i c  solut lon extract ions and 

(from L y r  Kl t tannlng coal) i s  9 u  : -*- KL UP2 Y2 w t  of p y r l t e  removed/100 wts o f  (3) 
coal/hour 'L 

whore, 

up 
Y 

\ - AL exp(-EL/RT), a functlon of temperature and coal p a r t i c l e  size, 

w i g h t  percent p y r i t e  i n  coal, 

= f a r r l c  ion t o  t o t a l  iron weight r a t l o  i n  leacher, and 

and for f e r r i c  ragenera~t ion(~) :  

(4) . ,wl --$ [02][Fs+2]2 - moles O f  f e r r i c  1 0 n  
ngonaratad par unlt t ime ,  

whom , 
[OZ] - oxygan p a r t l a l  pressure i n  atmosphores, 

\ - AR axp(-ER/RT), a funct ion o f  temperature only. 

Lxporlrnntal resu l ts  for  both Meyers' Process extract ion and f l o a t  

- f a r r o w  lon concontration I n  moles/ l l ter .  and 

sink tas t lng  (physical .cleaning) o f  nineteen US coals are presented i n  
the fo l lowing soctlon. ' 

RESULTS 

One-ton run-of-the-mlne coal snnplas, reprosantin a t  least  one 
day's production were col lectad fromrach o f  19 coal n!nms by Cormwrclal 
Ta i t lng  and E n g l n r r l n g  Company o f  Chicago, I l l l n o l s .  The coal 
mlnas worn mloc ted  t o  provide lnformatlon on a wide var ie ty  o f  
c o a l  bods m d  raglans wi th  special emphasis on the Applachlan 
Basln. 
range from srrb-bituminous A through low v o l a t i l e  bituminous l n  rank, 
In  t o t a l  su l fu r  from 1.0 t o  6.4%. and I n  p y r l t l c  su l fu r  from 0 . 3  t o  
5.2% w/w (dry. molsture-free basis). 

The coal analyslr  s m r y  (Table I )  shows that the coals 
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Because o f  the widespread app l iw t1on of physical cleaning tech- 
n i q u s  fo r  removal of non-canbustible rock (which Includes varying 
amounts of py r i t e )  from coal (along w i th  some carbon), f loa t -s ink  
f rac t ionat ion  w n  po r fo rmd  t o  doflne the r e l a t i v e  u t i l i t y  f o r  each 
-1 of washing and chemical desul fur izat ion.  The sumnary chart 
(Table 2) o f  p y r i t i c  su l fu r  removal resu l ts  shows that a) the lbyers '  
Process, a t  i t s  current s ta te  o f  developmnt, removes 83-98% o f  the 
p y r i t i c  su l fu r  content o f  the  19 coals studied, resu l t ing  i n  t o t a l  
su l fu r  content reductions o f  40 t o  82%, b) nine of the coals are reduced 
I n  su l fu r  content t o  the 0.6 - 0.9% su l fu r  levels general ly conslPtent 
w i t h  tho fedora1 standard f o r  new s ta t ionary  sources and many state 
s tanbrds ,  wh i lo  t w o  coats  are reduced belcw 1.0% sul fur  by physical cleaning, 
c) w i th  the oxcoption o f  the Jane and L u u s  mines, the k y e r s '  Process 
r h v e s  s l g n l f l u n t  t o  wry large Increments of su l fu r  over that  sepa- 
r d l o  by physical cleaning, and d) In  one case, the Mathies mine, coal 
claaning resu l ts  i n  a s u l f u r  content Increase. 

Stat. emission regulations f o r  disch r e o f  su l fu r  oxides from 
u t l l l t y  and large Indus t r i a l  power p l a n t ~ ? ~ Y  can also be met by appl i -  
cat ian o f  the Meyers' Process. The Pennsylvania s ta te  standard fo r  
e igh t  a i r  basins Is approximately 1.1% sulfur, for  coal o f  25mn b t d t o n .  
The Marion, Mathies. B i r d  N0.3 and Delmont mines a11 meet t h l s  standard 
a f t e r  chemical desu l fu r iza t ion  but do not meet the  standard a f t e r  
e f f i c i e n t  physical cleaning. These coals could also be transported t o  
k Jersey o r  New York t o  meet t h e i r  s ta te  standards o f  approximately 
I.O%,and 1.8 and 2.4% su l fu r ,  respectively. 
mines would m e t  the'b8 county standards'' o f  approximately 2% SUI fu r  f o r  
the state o f  Ohio a f te r  treatment by the Heyerr' Process, whereas e f f i -  
c i en t  c l e m l n g  o f  these coals reduces t h e i r  s u l f u r  content t o  only 2.8 
m d  3.3%. 

The Heiggs and Powhatan No.4 

The Cunp mine I n  western Kentucky meets the state standard f o r  
' P r i o r i t y  3'regions of less t h i n  2.3% s u l f u r  a f t e r  treatment by the Heyers' 
Process, whorea physical cleaning reduces the t o t a l  content o f  t h l s  coal 
t o  2.9%. Tho Humphrey No.7 mine i s  reduced t o  1.5% su l fu r ,  vhlch m e t s  
the VIst V i rg in ia  standardsfor 'kegions 2 and 9 ' o f  1.7 and 2% respectively, 
wherras physical cleaning reduces the su l fu r  content t o  1.9%. 
mlne In  Iowa i s  reduced t o  2.3% s u l f u r  by the Heyers' Process which 
meets th. s ta te  requirement o f  approximately 3.1% su l fu r .  Physical 
cleanlng doer not mt the standard, reducing the su l fu r  content to 3.8%. 

sulfur and su l fa te  ranoval and especial ly u t i l i z a t i o n  o f  p h y s i u l l y  
cleaned coal w i l l  cause most coals t o  be further reduced i n  su l fu r  
content t o  the "95% removal'' level  shown in  Column 4 o f  Table 2. 

The Weldon 

We feel tha t  process improvements such as more e f f i c i e n t  residual 

in  comnarcial pract ice fo r  production o f  clean fue l ,  i t  i s  very l i k e l y  
tha t  an opt inun process cost and product will be obtained by cloanlng coal 
prior t o  f e r r i c  su l fa te  leaching,to r e m o  rock and sane o f  the larger 
py r i t e  p a r t i c l o r .  There are prel iminary indicat ions tha t  the e f f i c iency  
of the Heyerr' Process may be enhanced by u t i l i z a t l o n  o f  p h y s l u l l y  
cleaned coal. 



\ 

37 

I 

h M Ln Ln Ln U 3  C N '9 h ?  a?*. U? Y U .  
0 0 0 0 0 0 0 - - 0 0 - - - - O N - -  
. . . . . . . . . .  

n - 
L 
Y VI - 
0 V 

s .- 
L m 
X 

uc 
-l 

YI 
z 
Y 
c u 
L 
0 

.- 

M 

s 
V .- 
m 

VI 
0, m .- 
2 

N 

9 
E5 

u 

u w  

U .- 
E 

u 
- 
L 

5 
VI 

u 
. u  
r: 
0 

C 

IC 
u V 

ul 

x 

.- 

- 
p, 
o c  X -  

i s  .- 
- 0  

L m  u o  Y O  

I C  

2 U  
8 .; 

?IC 

Y U  

c- 

IC- IC 

o u  
- 0  

0 

3 
c 

VI 
Y c 

0 
44 

u 
0 

c m 
2 
VI 

c 
.- 
U 

s 
2 
c 

Y 

2 .  
VIY m c  
3: 
m c  
c o  - 0  

VIu v u  u .- 
L 

* z  

V I 0  
I C  u m  

- u l  L L m  

CI 

c n  .- 

a, 



30 

A mre deta i led coal malysis s m r y  f o r  coals t . r tod.by thm 
h y m n '  P m c o s s  i s  sham i n  Table 3 .  Therm resu l t s  rho* that  a) a 
masurad haat content r i s e  o f  up t o  5 - 10% IS obtalnad fo r  tho 
Appalachian and s a m  o f  t lm I n t a r l o r  Bnln -Is, whila on a dry 
mineral nut tar  and p y r i t e  hoat contant frw basis, hoat contmt  
changos are ossan t ia l l y  nag l i g ib lo  n t o  ba a r p c t a d  f o r  m g l l g l b l a  
r u c t i o n  o f  tho coal organic mattar, b) the Co ls t r i p  (wortam) md 
Orient No.6 (eastern I n t e r i o r )  coals shoc rmll hoot ontmt lans ,  
c) ash removal. In  addi t ion t o  that  accomtod to r  by p y r i t e  &c- 
was observed i n  varying d.grms f o r  a l l  coals, d) a Incroara I n  
organic su l fu r '  content i n  excess o f  that  f o r  ash m a l  occurs for 
sone coals whi le )nu1 1 decreases occur f o r  othars. 

As the Appalachim Basin provides most o f  tho US coklng ccml 
production, i t  was deemed dor l rab le t o  obtain fm swel l ing 1nd.x 
(FSI)  data on t h a m  coals. 
r q u l r a d  t o  obta in  assurmc. of ra tant ion o f  coking p r o p o r t l a  a f t o r  
Ckyarc' P r o o s s  t n a t m n t .  FSI valuas o f  5 - 8 m n u m d  f o r  tho 
Appalachim coals s b d  no s l g n i f l u n t  chmg. a f t a r  p.rocosring. 

, 

Actual coke-om t as t l ng  Is, o f  couru, 

EXPERIMENTAL METHOD 

Chemicrl Removal o f  P y r i t i c  Sul fur .  

adapted from the bench-scale ~ t u d l e s t ( ~ f  w i th  the obJactiva o f  ob- 
ta in ing 90% - 100% p y r l t l c  s u l f u r  remva l  and o f  s lnu la t l ng  procars 
dosign as near ly n pobrIble, consistent w i t h  a f f i c l a n t  laboratory 
aperatlons. 

t o  give  high u t r a c t l o n  rates a d  t o  bo meat r a t l r f a c t g  f o r  I.borr- 
tory scale smpl lng ,  although coal top slras  up t o  -1/4" h m  b a n  
tasted and give masonabla although d d  m t l m  r 8 t - m  

Tha general condi t ions fo r  p y r i  1 s u l f u r  ramoval h m  ban 

Mash Slra - coal gromd t o  100 m s h  x 0 o r  fimr h n  bm found 

Ferr ic  ion Concentration - f a r r l c  su l fa ta  so lut ion I! I n  f o r r i c  
Ion appars  t o  be optlnnm, although d l f f a m o s  duo t o  a m a n t r r t l o n  
change do not appoar t o  be gmot.  

Roaction Tanporotun - tho roactim t.np.r.tun a hold  a t  th. 
ro f l ux  temperatun o f  I! f e r r l c  su l fa ta  so lut ion uhleh i s  -irrtaIy 
102.C. This a l l a s  a moronably h igh  react ion r a t e  a d  yot d o n  not 
roquire pressure equ lpnnt .  

h a t i o n  T i m  - e r h  coal was laached a t o t a l  of 10 - 24 hours 
dopndlng am the ch r rac te r i s t l cs  of th i n d i v l d u r l  c a l  baing t r ra tod.  

Ferr ic  ion t o  Total iron Ratio(') - r l n u  tho rate of p y r l t a  
removal Ir s1-d substant ia l ly  by forrour ion .ecunuIa t lm (H. 
eq 3 ) ,  e r h  coal w n  tma ted  mder omdi t lons  h s l g n e d  t o  k n p  Y 
>0.80 by one o f  the f o l l a l n g  mans: 
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increasing the solvent t o  coal r a t i o  (w/v) from a 
nomlnal IO t o  a maximum o f  40 

Changing the leach so lu t lon  a f t o r  3 - 6 hours o f  
r w c t  ion o r  more o f ten  i f  requl red 

A canblnatlon o f  the above. 

Post Smple Treatment - a f t e r  treatment, the samples were 
thoroughly washed t o  remove any residual leach so lu t ion  and then 
dr l rd.  A l l  s m p l e  calculat ions w e n  dom on a dry basis I n  order 
to al imlnate var iables d m  t o  wetness o f  the coal. Sulfur f o n s  
m d  proximate analysis have been obtalnsd f o r  each treated coal 
smple. 

The exact procedure i s  descrlbed below: 

One hundred g r m  o f  100 m s h  x 0 coal were added t o  2-1 
re f lux lng  I N  f e r r l c  sul fate so lu t ion  contained I n  a 4-necked 
3-1 glass c ~ l l n d r l u l  react ion vessel equlpped w l t h  a mechr 
n l c a l  s t l r r e r .  re f l ux  condenser and a thermocouple attached 
t o  a recorder. Each vessel also had a stopcadc a t  the bottom 
for taklng smples  and was heated by a speclal ly constructed 
heating mantle. Af ter  the coal addl t ion,  an addl t lonal  0.5-1 
I N  f e r r i c  s u l f a t e  so lu t ion  was used t o  wash dmm the sides o f  
t& vessel. 
m d  tha leaching process was considered started. Then, t h e  
reactlon mlxture, which was a t  814.C. was rap ld ly  brought 
t o  re f lux ,  a process tha t  takas 8 - 12 mlnutes. 
smples f o r  each Iron analysls were taken by d r n l n g  a 200 m l  
a l i quo t  o f  t he  react ion mlxture from which a 20 m l  sample 
w s  taken and cooled lmnadiately t o  0.C. LLnused material was 
returned t o  t h e  react ion f lask.  
was centr l fuged t o  remove a l l  suspended sol ids and 10 m l  of t h l s  
was used f o r  Iron analysis. Any remaining coal or leach solu- 
t i o n  was returned t o  the react ion f lask.  

A t  t h i s  polnt, the to so lu t ion  sample was taken 

Leach so lu t ion  

A f te r  u a l l n g ,  a 14 m l  a l i quo t  

A f te r  4 - 6 hours when Y was reduced to appmxlmte ly  0.8,  
tho haating was stopped and the react ion mixture was drained 
from the f lask ,  f l l t e r e d  m d  sucked as dry as posslble. The 
f l n a l  react ton volume and approximate solvent retention on the 
coal were then determined. 
s l u r r i e d  w l t h  200 m l  fresh f e r r i c  su l fa te  so lu t ion  a t  30.C and 
a d h d  t o  2-1 fresh I t  f e r r i c  su l fa te  so lu t lon  a t  ref lux.  Anothor 
300 m l  f e r r i c  su l fa te  was used t o  wash any residual coal I n to  
the f lask .  A to leach so lu t lon  smple was taken ImnadIately 
and the e n t i r e  react ion mlxture was brought t o  re f l ux  I n  6 - 
12 minutes. Leach so lu t lon  samples were taken a t  n g u l a r  In te r -  
vals, and a f t e r  a to ta l  elapsed r w c t l o n  t l m e  o f  IO t o  24 hours, 
the reaction mlxture was drolned fran the react ion f l a k .  fll- 
tared and washed clear w i th  0.5-0.1-1 water. 

The wet, unwashed coal was then 
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The extracted coal was s l u r r i e d  w i t h  2-1 o f  water o r  1K su l -  
f u r i c  ac id  o f  40°C  f o r  2 hours, f i l t e r e d  and then s t l r r e d  w i t h  
another 2-1 a t  s80'C f o r  an addi t ional  two hours. After f i l t r a -  
t l on ,  t h i s  procedure was repeated w i t h  2-1 water a t  *8OoC. If 
scheduling d id  not permit coal to be extracted w i t h  toluene im-  
mediately, i t  was s t i r r e d  a t  s50°C f o r  an extended per iod u n t l l  
i t  would be f i l t e r e d  and extracted. 

A f te r  the ext ract lon o f  residual su l fa te  and i ron,  the wet 
coal was t ransferred i n t o  a 1 - 1  round bottom f lask  equipped w i t h  
a mechanical s t i r r e r  and Dean-Stark t rap.  Then 400 m l  toluene 
was added and the mixture was brought t o  re f l ux .  
t inued u n t i  1 a1 1 the water was areotroped o f f  (approximately 
0.75 - 1.25-hr and 50 - 75 ml) plus another 15 minutes. The hot  
so lut ion was then f i l t e r e d ,  washed w i t h  50 - 75 m l  toluene, and 
then dr ied  i n  a vacuum oven a t  100 - 120°C. This coal was then 
weighed and analyzed. 

This was con- 

FLOAT-SINK TESTING (Commercial Testing S Engineering Co.) 

and 14 mesh x 0 port ions obtained from the i n l t i a l  sampling of  the 
coals were f ract ioned according t o  standard f loat -s ink procedures 
using organic l iqu ids  o f  1.30, 1.40, 1.60 and 1.90 spec i f i c  g rav i t ies .  
Head samples f o r  each s ize (or gr ind) ,  each grav i ty  por t lon  and the 
two 100 mesh x 0 samples were analyzed on a dry basis f o r  % w/w ash, 
t o t a l  su l fu r  and p y r i t i c  su l fur .  The raw data was then used t o  cal- 
cu late washabil i ty data showing cumulative recovery and cumulative re- 
j e c t  a t  the various spec i f i c  g rav i t ies  f o r  each o f  the s ize  port ions. 

Five hundred pounds each o f  the 1-1/2" x 100 mesh, 3/8"x 100 mesh 

4 
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PLANT DESIGN OF A METHOD FOR CHEMICAL DESULFURIZATION OF COAL, L .  L o r e n z i ,  Jr. ,  
Envi ronmenta l  P r o t e c t i o n  Agency, Research T r i a n g l e  Park, N o r t h  C a r o l i n a  21711, 

L .  J .  Van Nice,  M. J .  Santy and R. A .  Meyers, TRW I n c . ,  One Space Park,  Redondo Beach, 
C a l i f o r n i a  90278. 

The Meyers' Process i s  a new and p o t e n t i a l l y  l o w - c o s t  approach f o r  removing p y r i t i c  
s u l f u r  f rom coa l  wh ich  u t i l i z e s  a s i m p l e  f e r r i c  s u l f a t e  l e a c h i n g  techn ique ,  The p y r i t i c  
s u l f u r  c o n t e n t  o f  c o a l  i s  conve r ted  t o  e lementa l  s u l f u r  and i r o n  s u l f a t e s  which become 
process p roduc ts .  Bench- 
s c a l e  da ta  and process des ign s t u d i e s  i n d i c a t e  t h a t  t h e  process may b e  des igned u t i l i -  
z i n g  a number o f  a l t e r n a t i v e  p rocess ing  methods. Some o f  t h e  parameters which have been 
t e s t e d  and cons ide red  i n c l u d e  t h e  f o l l o w i n g :  a i r  vs  oxygen f o r  r e g e n e r a t i o n ,  coa l  t o p  
s i z e s  f rom 1 /4 - inch  t o  100 mesh, l e a c h i n g  and r e g e n e r a t i o n  temperatures o f  50°C up t o  
130"C, concur ren t  l e a c h i n g  and r e g e n e r a t i o n  i n  t h e  same vesse l  and recove ry  o f  e lemen ta l  
s u l f u r  by e i t h e r  s o l v e n t  e x t r a c t i o n  o r  v a p o r i z a t i o n .  Coal t r e a t m e n t  p l a n t s ,  based on 
t h e  process, may be  c o n s t r u c t e d  u t i l i z i n g  s tandard  equipment such as l e a c h i n g  vessels ,  
t h i c k e n e r s ,  vacuum f i l t e r s ,  e t c . ,  and s tandard  m a t e r i a l s  o f  c o n s t r u c t i o n  such as s t a i n -  
l e s s  s t e e l ,  r u b b e r - l i n e d  equipment and t h e  l i k e .  The s i m p l i c i t y  o f  t h e  process and t h e  
m i l d  c o n d i t i o n s  u t i l i z e d  i n d i c a t e  t h a t  d e s u l f u r i z a t i o n  c o s t s  may w e l l  be f a v o r a b l e  when 
compared w i t h  a l t e r n a t i v e  s u l f u r  ox ide  c o n t r o l  methods. 

F e r r i c  s u l f a t e  i s  regenerated by r e a c t i o n  w i t h  oxygen o r  a i r .  

't 

i 
V 

i .  
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COAL DESULFURIZATION: COSTS! PROCESSES AND REC'OMMENDATIONS, 
J. C. Agarwal. R. A. Giberti, L. J. Petrovic, Kennecott Copper Corporation, 
Ledgemont Laboratory, Lexington. Mass. 0217 3 

This paper contains a review of the costs and technology for removal of sulfur by 
physical and chemical means. In particular, experimental resuIts and economic 
analyses are presented for  the use of Fe (SO ) to remove pyritic sulfur. Also, 
included is a description of Kennecott Co$per4s3new low temperature process for the 
removal of pyrite and some organic sulfur from coal. The major conclusions briefly 
stated are: 

(1) The best physical desulfurization process can only remove about 70% 
of the pyrite and has costs in  the neighborhood of stack gas cleaning. 

(2)  While Fe (S04)3 does remove more than 95% of the pyrite, the 
reactionjime is in the order  of hours which leads to high capital 
and operating costs. In addition, the regeneration of ferric ion 
remains a major process uncertainty. 

(3)  Kennecott's process has  removed 100% of the pyritic su l fu r  and 
20% of the organic sulfur in Illinois No. 6 coal at costs com- 
parable to stack gas cleaning. 
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COAL DESULFURIZATION BY MACNFTIC FORCES 

S.C. Trindade", J.B. Howard, H.H. Kolm, and C.J. Powers 

Department of Chemical Engineering and Francis Bitter National Magnet Laboratory 
Massachusetts Institute of Technology, Cambridge, Massachusetts 

INTRODUCTION 

1 Magnetic cleaning of coals has been studied in the past by passing coal 

particles - usually pre-treated - suspended in air streams through conven- 
tional magnetic separators. The work reported here2 is a systematic attempt 

3 at using high gradient magnetic separation techniques in coal slurries . 
OBJECTIVES 

There is a worldwide denand for new coal cleaning processes. This demand 

stems from the following: (i) upgrading of local c o d  reserves, mainly in 

developing countries; (ii) air pollution abatement, mostly of SO2 and fly 

ash, in developed countries (the U.S. in particular); and (iii) preparation 

of raw materials for coal gasification and liquefaction, mainly in the 

United States. In response to this demand the work described here was con- 

ducted with the folloving objectives: 

(i) Determine the technical and economic feasibility of using magnetic 

Brazilian coal from the Sideropolis field (30% technology in coal cleaning. 

mineral matter and 2-32 sulfur mainly pyritic) was used as a case example. 

(ii) Study the fundaental principles of magnetic separation. 

*Speaker, Present Address: Arthur D. Little Limitada, Rua Macedo Sobrinho, 
48-ZC-02, Caixa Postal 9041, Rio de Janeiro, GB, Brasil. 

! 



46 

PRINCIPLSS OF MAGNETIC DESULFURIZATION OF COAL SLURRIES 

The ra t iona le  for  magnetic removal o f  minerals from coal  i s  based on the 

magnetic Suscept ib i l i ty  o f  i t s  components. In  C G S  un i t s ,  the  values 

are: organic n a t e r i a l ,  -0.4 t o  -0.8; sha les ,  39 t o  45; kaol ins ,  20 t o  39; 

s u l f i d e s ,  0.3 t o  120; carbonates ,  -0.4 t o  100; chlor ides ,  -0.9 t o  -1.3; 

accessory minerals, of minor importance, -1.2 to 20. These values indicate  

a l imi ta t ion  on t h e  removable amounts, f o r  not a l l  of  t h e  minerals a r e  

paramgnet ic .  Unfortunately, i n  many coals  til? minerals a re  int imately mixed 

with t h e  coal  substance, and grinding t o  f i n e  s i z e s  i s  the  required pr ior  t o  

separat ion i n  order  t o  maximize differences i n  magnetic suscept ib i l i ty .  In  

coal  cleaning we are usua l ly  dealing with t h e  removal o f  paramagnetics 

( p y r i t e s  and a f r a c t i o n  of t h e  other  minerals) from t h e  coal matter ( la rge ly  

diarmgnetic). 

l ? ~ c  t r c c s l a t i o n a l  force  - a t f r m t i v e  o r  repuls ive - alon,? a Rivcn d ? -  

rec t ion  on a small p a r t i c l e  of  a non-ferromagnctic material i m e r s e d  in  a 

magnetic f i e l d  is  given by 

F, = x .V.H (&-I/&) (1) 

where Fm i s  the  magnetic force ac t in& on the  p a r t i c l e  i n  the x di rec t ion ,  

x is  the  volume s u s c e p t i b i l i t y  of t h e  p a r t i c l e ,  V i s  t h e  p a r t i c l e  

volume, x V is magnetization, and H i s  t h e  t o t a l  magnetic f i e l d  act ing on 

t h e  p a r t i c l e  i n  t h e  x di rec t ion .  The r e l a t i v e l y  recent  a v a i l a b i l i t y  o f  much 

l a r g e r  magnetic f i e l d s  and f i e l d  gradients  hso permitted extension of use of 

magnetic separat ion beyond highly magnetic materials, i . e . ,  ferromagnetics, 

t o  mixtures of  parmaenet ic  and diamagnetic substances. 

The basic  pr inc ip le  of magnetic separat ion is  then the developnent of 

a magnetic force - n t t r a c t i v e  o r  repuls ive - as p a r t i c l e s  with d i f fe ren t  



47 

s u s c e p t i b i l i t i e s  en te r  t he  reach of a magnetic f i e l d .  

geometry and the  design of t he  separa tor ,  and the  nature of the  medium carry- 

ing the  p a r t i c l e s  t o  be separated,  forces a r i s e  - p a r t i c l e  weight, buoyanCY. 

and drag by t h e  f l u i d  carrying t h e  pa r t i c l e s ,  e t c .  - which oppose t h e  Separation 

Depending upon t h e  

\ 

\ 
I Inspection of Equation 1 suggests t he  important magnetic cha rac t e r i s t i c s  

which a separator design should provide, namely an in tense  f i e l d  s t rength  

and a l a rge  f i e l d  gradient.  

t o  increase the  capacity of t he  separator.  

1 

Both should cover the  l a rges t  poss ib le  volume 

Consider a separator which cons i s t s  of a packed column, inser ted  v e r t i -  

ca l ly  i n  t h e  bore of a solenoid magnet. 

magnetic mater ia l  ( s t a i n l e s s  s t e e l  wool o r  a s t e e l  wire sc reen ) , i s  the 

source of t h e  f i e l d  gradient and holds magnetically captured pa r t i c l e s .  

simplified model considers an i so l a t ed  s t rand  of s t e e l  wool tsken as a 

cyl indr ica l  wire of uniform cross section (e.g. 1001~  i n  diameter),  inser ted  

hor izonta l ly  i n  a volume (e.& t h e  bore o f  a B i t t e r  solenoid magnet), where 

the  magnet f i e l d  is  uniformly v e r t i c l e .  i n  

s i ze  from 0 t o  600~ - a re  car r ied  i n  t h e  water s l u r r y  flowing pas t  the s t rand.  

The capture of a pyr i t e  p a r t i c l e  by t h e  strand depends on t h e  r a t i o  R of 

the  magnetic force t o  the  opposing force8 (net weight, W, and t h e  hydrodyna- 

mic drag force,  Fd) ac t ing  on t h e  p a r t i c l e  : 

The packing, a fi lamentary fe r ro-  

O u r  

The py r i t e  p a r t i c l e s  - ranging 

R = L s  VH (dh/dx) 
W + Fd w + F~ (2) 

The expression f o r  the magnetic force depends on t h e  applied f i e l d ,  t h e  

It is, in magnetic proper t ies  of t h e  materials, and t h e  system geometry. 

all cases,  a function of t he  center-to-center d i s tance  between the  p a r t i c l e  

and the magnetized s t rand,  and of t h e  angular pos i t ion  of t h e  p a r t i c l e  
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with  respect t o  t h e  s t r and ,  

i . e .  with t h e  p n - t i c l e  Reynolds nunber, and a l s o  with t h e  p a r t i c l e  shape. 

The net weight depends c.n t h e  volume of  t he  p a r t i c l e ,  i t s  dens i ty  and the  

dens i ty  of the  l i q u i d .  

The expression f o r  F v a r i e s  with t h e  flow rec ine ,  d 

k r;nttienctic..l model based on t h e  above forces  was developed t o  simulzte 

t h e  effcr: cf Chc p r i n c i p d  independent var iab les  on t h e  probabi l i ty  of  cap- 

t u r e  of mineral p u t i c l e s ,  as measured by the  value of  R.  The magnetic f i e l d  

was 20 kOe, t h e  source of f j e l d  gradient was a cyl indr ica l  s t e e l  strand of 

100 microns i n  diameter, and only py r i t e  pa r t i c l e s  ( suscep t ib i l i t y  equal t o  

25 x emu/p )  were considered. 

Figure 1 shows t h e  e f f ec t  of p a r t i c l e  s i z e  on R f o r  d i f f e ren t  s lu r ry  

ve loc i t i e s  (Vs). 

f o r  which t h e  p robab i l i t y  of capture reaches a maximu. 

s lu r ry  ve loc i ty  is shown by the  f l a t t en ing  of  the  curves 8s t h c  velocity 

increases.  In a l l  cases the  drag force  predominetes over the  magnetic fo rce  

for s m a l l  p a r t i c i e s  where t h e  p a r t i c l e  weight is negligible.  

The curves ind ica te  t h a t  t he re  is an optimm pa r t i c l e  s i z e  

The e f f e c t  of  t he  

For la rge  sizes 

t h e  net weight i s  t h e  most important force.  For in te rnedia te  s i zes  the  ma[-;- 

ne t i c  force is  r e l a t i v e l y  more important. 

APPARATUS AND PROCKDLRES 

The schematic of t h e  apparatus used i n  t h i s  work is shown i n  Figure 2 and 

described elsewhere . 
t o  0.42 t o  0.044 mn t op  s i ze .  

of coal, of known s i z e  d i s t r ibu t ion ,  water, and fo r  t h e  f ine r  s i zes ,  a w e t -  

t i n g  agent. The s l u r r y  was passed once through the  separa tor ,  e s sen t i a l ly  

a packed co lu in  in se r t ed  in  t h e  bore of a solenoid magnet. The packing con- 

s i s t e d  of rnaenetic s t a i n l c s s  s t e e l  wool o r  screens at packing dens i t ies  

3 Pre-washed coal - 25.4 t o  0.6 nm top s i z e  - was ground 

Slur r ies  were prepared by mixing known amounts 

\ 
I 
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I 

ranging between 1 and 13 volume percent. The mater ia l s  re ta ined  (mags) , and 

t h e  materials passed through ( t a i l s )  were analyzed f o r  t o t a l  ash content and 

Sulfur. 

and p y r i t i c  plus s u l f a t e  sulfur .  

minerals i n  the o r ig ina l  coal ,  t a i l s  and mags were measured. 

( t o t d ,  ash,  sulfur, etc.) are always defined with respect t o  the total  amounts 

present i n  the o r ig ina l  coal. 

Organic sulfur w a s  estimated by t h e  d i f fe rences  between t o t a l  sulfur 

I n  a few cases the  magnetizationsof the coa l  

Recoveries 

EXPERIMENTAL RESULTS 

Evidence of Magnetic Separation 

The magnetization curves of t h e  coal minerals i n  t h e  products of magnetic 

separation provide evidence of magnetic action. 

obtained by low temperature ashing (LTA), i n  which t h e  coa l  substance is  

slowly combusted a t  150 C, leaving behind the  unaltered minerals . The 

meaourements employed Foner's vibrating-sample magnetometer . As shown i n  

Figure 3 at  a f i e l d  of 1 5  kOe t he  magnetization of the  LTA of the "tails" 

is 30 times smaller than t h e  LTA of t h e  "mags", ind ica t ing  t h e  removal of 

minerals with higher suscep t ib i l i t y  from t he  o r ig ina l  coal and t h e i r  con- 

centration i n  t h e  I'mags". 

Typical Result 

A typical  r e s u l t  of a laboratory test of magnetic separa t ion  of coa l  is shown 

below. 

20 bOe, the s lu r ry  concentration w a s  2.5$, t he  top  p a r t i c l e  Size vas 44 m i -  

crons and the  s lu r ry  ve loc i ty  was 2.0 cm/sec. 

s t i t u t e d  80% of the  feed and contained only 0.81% su l fu r  as opposed t o  1.32% 

sulfur i n  the  feed. 

processed t o  improve the  product y i e ld .  

The coal minerals were 

4 

5 

The void volume of t h e  packing was 95%, the  f i e l d  i n t e n s i t y  was 

The recovered product con- 

In  a p rac t i ca l  s i t ua t ion  t h e  "mags" could be fur ther  
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PEED EASE = 100 

27. $ Ash 

1.32 Total Sulfur 

0.66 P Pyr i t i c  Sulfbr 

TAILS RCCOVERY = 80.8 
24. $ Ash 

0.83 X Total Sulfur 

0.24 % m i t i c  Sulfur 

MAGS RLCOVERY = 116.4 
38.9 ’$ Ash 

2.52 % Total Sulfur 

2.01 Z P y r i t i c  Sulfur 

Effect of t h e  Independent Variables 

The experimental r e s u l t s  confirmed t h e  force  balance sodel  v i t h  respect t o  

the  effccts  of p a r t i c l c  s i ze  and s l u r r y  ve loc i ty .  

dictions of t h e  model is. t h a t  t he re  should be a given p a r t i c l e  s i z e  fo r  wh,cn 

R reaches a maximum. 

t r a t ion ,  and t h e  s u l f u r  recovery i n  t h e  mags would peak at thc sane d i m e t e r ,  

i f  pyr i tes  are t h e  dominant form of su l fu r ,  and i f  they a re  su f f i c i en t ly  

l ibera ted .  

One o f  the inportant pre- 

Consequently we would cxpect t ha t  the  s:ilfur concen- 

In  a series o f  runs coal was sieved t o  produce n a r m w  pa r t i c l e  

s i ze  d i s t r ibu t ions  rrhj ch gave approximately monodisperse s l u r r i e s  vhcn sus- 

pended i n  water. The following s ize  ra r~gcs  were obtained: ( i )  below 41U, 

(ii) 44-53~, (iii) 53-63,  ( i v )  63-74~1, (VI 74-105~, ( v i )  105-177~1, and 

( v i i )  177-420~1. 

concentration WRS 2.6 gm/lOO ml and t h e  l inear  ve loc i ty  ran@ betwezn 2 . 3  

and 2.6 cri/sec. 

Fieare 4 shovs the  e f f e c t  of p a r t i c l e  s i z e  on su l fu r  recavcry i n  n a p .  

S t e e l  screens were used a s  packing (91% void).  The s lu r ry  

The applied magnetic f i e l d  was kept constant a t  20 k3c.  
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Analysis of the forms of sulfur for the maximum point showed that pyritic 

sulfur accounted for most of the total sulfur in mags. 

According to the model, R should decrease as the slurry velocity increases. 

Consequently "mags" recovery should decrease, sulfur concentration in the 

mags should increase because the particles of higher susceptibility (pyrites ) 

should constitute a majority of those retained. 

confirmed experimentally. 

All these predictions were 

ECONOMIC ANALYSIS 

A practical scheme of magnetic separation applied to coal beneficiation would 

be based upon the same concepts described here but the operation would be 

carried out in large capacity continuous equipment. In one possible situa- 

tion the separator packing would move in and out of a magnetic field region 

to allow for continuous washing of the packing to remove trapped materials. 

The slurry fed to the separator would always find a clean packing. 

tinuous device of this type has been developed for use in beneficiating 

taconite ore which resembles, geometrically, a 'carousel' slide projector. 

A con- 

Table 1 summarizes the results of a preliminary economic analysis of a 

magnetic separator for coal cleaning, based on experimental results. 

particle size was 28 mesh, field intensity was 20 kOe and slurry velocity was 

4.0 cmlsec 

processing costs to changes in the cost of power, depreciation time, etc. 

The estimated processing costs fell into a range of 30 to 63 cents per ton 

of coal produced. This range compares favorably with conventional benefi- 

ciation techniques. 

Top 

in a once through operation. We tested the sensitivity of the 

\ 

c 
i 



5 2  

TABLE I 

COSTS OF 14AGiETJ.C DESULFURIZATION OF COALS 

Feed(r100) - 
Ash % 30.1 

Sulfur  % 1.80 

m i c a 1  Case 

f i e l d  20 kOe 

s i z e  d is t r ibu t ion  28 mesh x 0 

once through operation 

Product ( t a i l s  (=72) 

27.9 
1.80 

- Plant Charac te r i s t ics  

-I_ Base Case Alternatives 

Investment, l o 3  $ 6480 6480 - 12960 

Operational C a p x i t y ,  lo3 t/yr 7920 2640 - 7920 
Number of' u n i t s  (3.6 m2 each) a 6 - 16 
Depreciation t i n e ,  y r s  20 10 - 20 

Power c o s t s ,  nills/kwhr 10 10 - 20 

Processing Costs, cents/ton coal FOB PI.. 
Base Case Alternatives 

Indi rec t  Costs 9.2 9.2 - 27.9 
Direct  Costs . 12.5 12.5 - 18.9 

Coal Fed 21.7 25.8 - 45.5 
Coal Produced 30.1 35.8 - 63.2 

Total  Costs 
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CONCLUSIONS AND RECOMMENDATIONS 

t 

The principal conclusions of this study are summnrized below. 

0 The magnetic cleaning of coals can remove practically all the 
liberated pyritic sulfur and a portion of the other minerals. 

0 The experimental results can be predicted or interpreted, at 

least qualitatively, by the proposed model. 

0 The experimental work has confirmed the importance of the key 
independent variables: particle size and liberation; slurry 

velocity; field intensity and packing characteristics. 

With regard to the process economics, the following points are important: 

- magnetic separation is a capital intensive operation; 
- without superconducting magnets the operation is sensitive to the 
cost of power; 

- grinding costs were not included because, although fine grinding 
increases liberation, the probability of magnetic capture is 
diminished, according to the model; 

- the process looks commercially feasible. 
Recommendations for future research include: 

0 enhancement of the susceptibility of the materials to be separated, 

probably by changes in the nature of the particle surface; 

0 study of additional coals to characterize their behavior; 

0 study of the capacity and performance of systems of separators with 
mags recycle; 

0 coupling of magnetic separation with conventional coal cleaning 
schemes ; 

0 use of air laden with coal; 

0 fundamental studies including: 

- magnetic separation visualization 
- use of systems simpler than coal slurries 

i 
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- magneto-chemistry of t h e  p y r i t e  system 

. - quant i ta t ive  modelling,i.e. development of  a magnetic 

adsorption theory 
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CAPTIONS TO ILLUSTRATIONS 

Effect of particle size and slurry velocity on ratio of 
magnetic force to drag force plus net particle weight 
as indicated by simple model 

(a) 0.1; (b) 1.0; (c) 2.0) 
(slurry velocity, cmfsec: 

Schematic Arrangement of Equipment 

Observed effect of magnetic field on magnetization 

(m, mags; f ,  feed; t, tails) 

Observed effect of particle size on sulfur recovery in mags 
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